Introduction
High-grade serous ovarian carcinoma (HGS-OvCa) disseminates within the peritoneum, causing organ disruption that contributes to the poor clinical outcome associated with this disease (1) (2) (3) (4) . Initiation of HGS-OvCa can occur in the epithelium of the fimbriated end of the fallopian tube (5) . Mutation of TP53 in the fimbriae epithelium is considered to be an initiating event in HGS-OvCa pathogenesis (6) (7) (8) , as nearly 100% of serous ovarian tumors harbor these alterations (9) (10) (11) (12) (13) .
HGS-OvCa dissemination involves the acquisition of the phenotypes that allow carcinoma cells to: (a) exfoliate from fimbriae into the peritoneal cavity, (b) cope with the proapoptotic stress induced by detachment from the basement membrane (anoikis) during transit through the fluids of the peritoneal cavity (14) (15) (16) , and (c) attach to and clear the superficial layer of the mesothelium that encloses the organs in the peritoneal cavity (17) (18) (19) (20) (21) (22) . Although TP53 mutations are a hallmark of HGS-OvCa (9, 11, 23) , the role that mutant p53 variants play in the acquisition of these phenotypes is currently not known.
Mounting molecular, genetic, and clinical evidence suggests that a majority of HGS-OvCa arises from the fallopian tube (FT) epithelium (4, (6) (7) (8) (24) (25) (26) (27) , which is composed of secretory and ciliated cells (28) . Although dysplastic secretory epithelial cells had been reported in the FTs of BRCA mutation carriers as early as 2001 (24, 29) , it was the development of the SEE-FIM (sectioning and extensively examining the fimbria) protocol (8) that led to the reproducible identification of HGS-OvCa precursors in the fimbriated end of the FT (30) (31) (32) . Specifically, the careful examination of FTs from BRCA mutation carriers led to the following observations: (a) approximately 5% to 10% of BRCA1 mutation carriers undergoing prophylactic surgery will have an early lesion, termed serous tubal intraepithelial carcinoma (STIC), in their FT fimbria; (b) greater than 50% of women with stage III/IV pelvic serous cancer also harbor a STIC (7) ; (c) identical TP53 mutations have been identified in STICs and corresponding serous carcinomas; (d) nonneoplastic FT High-grade serous ovarian carcinoma (HGS-OvCa) harbors p53 mutations and can originate from the epithelial cell compartment of the fallopian tube fimbriae. From this site, neoplastic cells detach, survive in the peritoneal cavity, and form cellular clusters that intercalate into the mesothelium to form ovarian and peritoneal masses. To examine the contribution of mutant p53 to phenotypic alterations associated with HGS-OvCA, we developed live-cell microscopy assays that recapitulate these early events in cultured fallopian tube nonciliated epithelial (FNE) cells. Expression of stabilizing mutant variants of p53, but not depletion of endogenous wild-type p53, in FNE cells promoted survival and cell-cell aggregation under conditions of cell detachment, leading to the formation of cell clusters with mesothelium-intercalation capacity. Mutant p53 R175H -induced phenotypes were dependent on fibronectin production, α5β1 fibronectin receptor engagement, and TWIST1 expression. These results indicate that FNE cells expressing stabilizing p53 mutants acquire anchorage independence and subsequent mesothelial intercalation capacity through a mechanism involving mesenchymal transition and matrix production. These findings provide important new insights into activities of mutant p53 in the cells of origin of HGS-OvCa. secretory cells and serous carcinoma share similar morphological, immunophenotypic, and transcriptomic features (7, 8, 33) ; and (e) a candidate nonmalignant precursor lesion (the p53 signature), composed of benign-appearing FT secretory cells that harbor DNA damage and TP53 mutations, has been described in the FT epithelium (33) . The p53 signature is equally common in the nonneoplastic fimbria of both BRCA mutation carriers and control subjects, suggesting that it is a phenomenon related to physiological stress rather than genetic risk (34) . In addition, the p53 signature occurs more frequently in fimbriae that harbor a STIC and, when they co-occur, they share evidence of DNA damage and exhibit identical TP53 mutations. These observations suggest that pelvic serous carcinomas previously assigned to different sites of origin (ovary, FT, or peritoneum) share a common carcinogenic pathway not previously appreciated, which originates in the FT secretory epithelial cell. Experimental model systems, including novel genetically engineered animal models (35) (36) (37) and cell-based assays (38) (39) (40) , have provided robust support for this new paradigm of ovarian cancer pathogenesis.
Because TP53 mutation represents the first genetic alteration associated with HGS-OvCa, it is of significant interest to examine the effects of mutant p53 expression in human FT epithelial cells; however, such investigations have been hampered due to the lack of culture systems that support continuous growth of these cells without transforming oncogenes, e.g., HPV E6/E7, HRAS, and SV40 T antigens (39, 40) . We recently reported the development of a medium (WIT-Fo) that supports continuous growth of nonciliated human FT cells expressing human telomerase (TERT) (26) . These cells, referred to as FT nonciliated epithelial (FNE) cells, are similar in phenotype to FT secretory cells (38) and express the secretory FT epithelium transcription factor PAX8. We have utilized these cultures in multiple live-cell video microscopy assays to examine the phenotypic alterations induced by expression of various mutant p53 proteins associated with ovarian and other cancers. These assays were designed to assess the ability of mutant p53 to induce phenotypic alterations associated with HGS-OvCa dissemination, including survival following dissociation from matrix attachment, cell clustering in suspension, and intercalation of cell clusters into mesothelial monolayers.
These studies demonstrate that expression of stabilized mutant p53 variants (R175H, R249S, or R273H), but not loss of expression of p53, promotes the survival and cell-cell adhesion of FNE cells under conditions mimicking peritoneal suspension, leading to the formation of multicellular clusters with mesothelial-clearing capability. These effects are dependent on engagement of integrin receptors and mesenchyme transcription factor expression. Analysis of human HGS-OvCa ascites samples provides evidence for the relevance of this effect in human tumors. Taken together, our results suggest a model in which the cell-of-origin of HGS-OvCa acquires transformed phenotypes through mutant p53-dependent mesenchymal transition and autocrine production/deposition of fibronectin.
Results
Mutant p53 promotes survival of detached FNE cells. Ovarian carcinoma cells acquire the ability to survive under anchorage deprivation conditions associated with the fluidic environment of the peritoneal cavity. To examine whether expression of mutant p53 (m-p53) variants promotes survival of FNE cells under matrix-detached conditions, we ectopically expressed p53 R175H , p53 R249S , or p53 R273H , stabilized m-p53 variants associated with HGS-OvCa (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/jci.insight.86829DS1). The expression of m-p53 R175H , for example, was comparable to the endogenous levels of m-p53 R175H expressed in HGS-OvCa cells (Supplemental Figure 1A) , indicating that the engineered FNE cells recapitulate the m-p53 protein expression observed in tumor cells. We next monitored viability of the various FNE cells in real time using live-cell video microscopy. In contrast to control FNE cell clusters, which displayed considerable disintegration in suspension over the 120-hour observation time, the vast majority of FNE cells expressing m-p53 variants (collectively referred to as FNEm-p53 cells) remained intact ( Figure 1A and Supplemental Video 1). To quantify the cell death associated with suspension culture, we engineered the FNE cell populations to express GFP and used ethidium bromide (EtBr) to visualize dead cells. EtBr intercalation into DNA occurs as a result of nuclear membrane fracture associated with cell death ( Figure 1B ). As shown in Figure 1 m-p53 promotes survival of detached cells independently of cell-cell adhesion. In ovarian cancer patients, carcinoma cells residing within peritoneal fluids adhere to each other and form multicellular suspended cell clusters (41, 42) (Figure 2A) . Similarly in our model, we observed that within a 24-hour period, FNE-m-p53 cells, but not control cells, formed compacted cell clusters in suspension (Figure 2A To directly test whether the m-p53-mediated enhanced cell-cell adhesion is critical for survival in suspension, we developed a culture substrate-patterning method that allowed us to follow the fate of single cells in suspension by monitoring cellular disintegration and EtBr incorporation with live microscopy (Figure 2D) . We found that a significantly lower percentage of FNE-m-p53 cells disintegrated and incorporated EtBr under single-cell culture conditions compared to control FNE cells ( Figure 2E , Supplemental Figure  2C , and Supplemental Videos 4 and 5). In addition, a significant number of single FNE-mp53 cells, but not control cells, divided in suspension ( Figure 2E ). These results demonstrate that m-p53 promotes survival of FNE cells independently of cell-cell adhesion.
m-p53 promotes mesothelial clearance. HGS-OvCa cell clusters or single cells disseminate within the peritoneal cavity by attaching to and intercalating into the superficial mesothelial cell layer. Expression of m-p53 has been shown to mediate adhesion of cancer cells to mesothelioma cell monolayers (43) , raising the possibility that it may also play a role in mesothelial clearance in our FNE model system. Using a livecell microscopy-based assay that we previously described (21) , we examined whether expression of m-p53 in FNE cells was sufficient to enhance intercalation into a mesothelial monolayer in culture. We found that all FNE cellular clusters were able to adhere to the mesothelial monolayer, but only the FNE-m-p53 lines were able to subsequently clear the monolayer within the 8 hours of observation time ( Figure 3 , A-D, and Supplemental Video 6). These data indicate that expression of p53 mutant variants is sufficient to promote mesothelial clearance.
m-p53-induced phenotypes represent gain-of-function activities. Overexpressed stabilized m-p53 proteins bind to and inhibit wild-type p53 function (44) . However, ectopically expressed m-p53 can also promote gain-offunction (GOF) activities through protein-protein interactions or through binding to specific gene promoters (45) (46) (47) (48) . To determine the extent to which loss of p53 function contributes to the phenotypes associated with m-p53 expression, we used shRNAs to knock down endogenous p53 expression in FNE cells. Loss of p53 function was confirmed by reduction in both p53 protein and CDKN1A mRNA levels (Supplemental Figure 3A ). We found that knockdown of p53 had no effect on cellular cluster disintegration and EtBr incorporation relative to control FNE cells and in contrast to the effects of m-p53 R175H overexpression (Figure 4 , A-C, Supplemental Figure 3 , B and C, and Supplemental Videos 7 and 8). Moreover, knockdown of endogenous wild-type p53 expression in FNE cells did not promote mesothelial clearance ( Figure 4 , D and E). These data indicate that loss of wild-type p53 function is not sufficient to phenocopy m-p53 expression in these assays, suggesting that m-p53 regulates additional molecular programs that confer the FNE phenotypes described here.
Integrin α5β1 is required for m-p53-mediated anchorage independence. Previous work from our group revealed that integrin α5β1 plays a critical role in ovarian carcinoma mesothelial intercalation (21) , and α5β1fibronectin interactions have been implicated in cell-cell adhesion of OVCAR5 ovarian carcinoma cells (42) . In addition, integrin α5β1 has been shown to mediate anchorage-independent survival of ERBB2transformed mammary epithelial cells (49) . We observed that m-p53 induced the expression of integrins α5 and β1 in FNE cultures ( Figure 5A ). These findings led us to examine whether α5β1 is involved in the mechanism by which m-p53 confers anchorage independence. We assessed the effects of blocking integrin Figure 3D ). We incubated FNE-m-p53 R175H or DF30 cells with integrin α5-or β1-blocking antibodies that we previously reported to inhibit mesothelial intercalation (21) . Function-blocking antibodies against N-cadherin (50-52) and MUC16 (53), two surface molecules expressed in FNE-m-p53 R175H and DF30 cells (Supplemental Figure 3 , E and F), were included as controls. We observed that incubation with blocking antibodies against either α5 or β1 integrin, but not N-cadherin or MUC16, had an effect on cellular cohesion ( Figure 5A and Supplemental Video 9, A and B) and increased EtBr incorporation in a dose-dependent manner in both FNE-m-p53 R175H and DF30 cells ( Figure 5 , B-E, Supplemental Figure 4 , A and B, and Supplemental Video 10). These data suggest that m-p53-mediated survival in suspension is dependent on the engagement of α5β1 integrin.
m-p53 promotes fibronectin secretion and mesenchymal transcription. Since we cultured FNE cells in the absence of exogenous fibronectin ( Figure 5A and Supplemental Figure 4A ), the ligand for integrin α5β1, we reasoned that fibronectin was produced by FNE cells. To examine this possibility, we addressed whether m-p53 promotes production of fibronectin in FNE cells cultured in suspension. Indeed, we found that detached FNE-m-p53 cells displayed increased fibronectin protein expression and secretion into the media when compared to either control or FNE cells depleted of wild-type p53 (referred to as FNE-p53shRNA cells) ( Figure 6A and Supplemental Figure 4C ). These results indicate that increased fibronectin production represents a GOF phenotype induced by m-p53. In addition, siRNA-mediated fibronectin attenuation significantly reduced FNE-m-p53 R175H cell cluster survival in suspension (Supplemental Figure 4 , D and E), providing supportive evidence for a role of endogenous fibronectin in anchorage-independent survival of FNE-m-p53 R175H cells.
To examine fibronectin localization in FNE cells cultured in suspension, we immunostained fixed and nonpermeabilized suspended cell clusters composed of the various FNE cell lines with an antibody recognizing human fibronectin. As shown in Figure 6B , more fibronectin deposition was detected on the surface of FNE-m-p53 cells as compared to control or FNE-p53shRNA cells. High pixel density confocal analysis of nonpermeabilized cells revealed that fibronectin localized to intercellular junctions within cellular aggregates, at adhesion plaques that contained activated β1 integrin. Fibronectin and activated β1 integrin were also detected on the nonjunctional surface of cell clusters ( Figure 6C ), suggesting that fibronectin deposition is not limited to areas of cell-cell contact. Taken together, these data suggest that expression of m-p53 promotes fibronectin deposition.
To further explore this possibility, we examined fibronectin expression in a panel of HGS-OvCa patientderived cells (DF14, DF216, DF59, DF30, DF106, and DF68) (22) cultured in suspension for 120 hours. We observed that DF samples that expressed a stabilized m-p53 variant (R175H or G266R) expressed fibronectin; however, fibronectin expression was also detected in one DF sample that harbored a nonsense p53 mutation (V122X) ( Figure 6D ), suggesting that fibronectin expression in patient-derived human HGS-OvCa cells is associated with expression of stabilized mutant p53 proteins, but is not exclusively regulated by such mutants. We also found that fibronectin expression inversely correlated with E-cadherin expression in the DF tumor lines ( Figure 6D ) and in various ovarian cancer cell lines (Supplemental Figure 4F) , suggesting that autocrine production of fibronectin in suspension may be a molecular characteristic of ovarian cancer cells that display a mesenchymal-like phenotype.
Mutant p53 has been shown to induce mesenchymal transition (54) (55) (56) .To address whether fibronectin expression correlates with a mesenchymal phenotype, we examined mRNA expression of the mesenchymal transcription factors (TFs) TWIST1, SNAIL (SNAI1), and SLUG (SNAI2) in DF tumor cells. We observed that DF cells that exhibited a high level of fibronectin and a low level of E-cadherin protein expression displayed substantially higher levels of 1 or more of the mesenchymal TFs than those with low fibronectin and high E-cadherin expression ( Figure 6E ). Of the patient-derived DF tumor samples, DF30 cells, which carry the stabilizing R175H mutation, displayed the highest levels of TWIST1, raising the possibility that m-p53 R175H promotes TWIST1 expression. Indeed, expression of m-p53 R175H in FNE, but not wild-type p53 knockdown cells, promoted TWIST1 mRNA expression ( Figure 6F ). In addition, we observed that ovarian cancer cell lines that express fibronectin and low levels of E-cadherin (Supplemental Figure 4F ) display higher TWIST1 mRNA levels than those with low fibronectin and high E-cadherin expression (Supplemental Figure 4G ). These results suggest that GOF m-p53 proteins induce mesenchymal TFs, leading to fibronectin production in FNE cells.
TWIST1 regulates m-p53-induced phenotypes. Given that m-p53 R175H promoted TWIST1 expression in FNE cells and has been previously implicated in the regulation of TWIST1 expression in normal prostate epithelium (48) , we evaluated the effects of overexpression of TWIST1 as a representative mesenchymal TF on FNE cell survival in suspension. We were unable to derive a stable FNE cell line overexpressing TWIST1; however, ectopic expression of TWIST1 fused to the estrogen receptor (TWIST1-ER; see Table 1 ) Reversion of m-p53 R175H conformation with ZMC1 blocks m-p53-induced phenotypes. As a final assessment of the contribution of m-p53 to the phenotypes described in this report, we examined the effects of reversing m-p53 GOF activities using zinc metallochaperone 1 (ZMC1) that restores the wild-type conformation of m-p53 R175H and other m-p53 proteins that are similarly defective in zinc binding (57) (58) (59) (60) . Treatment of DF30 tumor cells or FNE-m-p53 R175H cells with 250 nM ZMC1 induced transcription of the wild-type p53 target CDKN1A (Supplemental Figure 5A) , indicating that ZMC1 promoted wild-type p53 transcriptional activity of m-p53 R175H .
Table 1. List of various FNE cell lines used in these studies

Cell line Plasmid Selection marker Source
To determine the biological outcome of ZMC1-mediated restoration of m-p53 R175H in carcinoma cells, we examined cell-cell adhesion, mesothelial intercalation, and TWIST1 expression after ZMC1 treatment. Treatment of suspended DF30 cells with ZMC1 did not elicit a significant effect on cell viability (as judged by EtBr incorporation) within the first 24 hours of imaging (Supplemental Video 12 and Supplemental Figure 5, B and C) , but impaired the ability of these cells to form compacted cell aggregates in short-term (8 hours) assays ( Figure 8, A induced by m-p53 R175H expression described in this report, and provide evidence supporting a constitutive role for zinc-binding-mutant p53 in maintaining these phenotypes.
The effects of ZMC1 treatment suggest that m-p53 expression is required for anchorage-independent survival of DF30 cells. To examine this further, we used p53 shRNAs to attenuate the expression of m-p53 in DF30 cells. p53 shRNAs caused a decrease in both fibronectin and integrin α5 protein expression (Supplemental Figure 6A ) and in the ability to form compacted spheroids, and induced EtBr incorporation, which correlated with the degree of m-p53 knockdown, when compared to control cells expressing nontargeting shRNA (Supplemental Figure 6 , B and C, and Supplemental Video 16). These results provide evidence that stabilized m-p53 is required for anchorage-independent survival of HGS-OvCa cells.
Discussion
These studies provide potentially new insights into the mechanisms whereby FT epithelial cells that represent the cells-of-origin of HGS-OvCa acquire phenotypes associated with ovarian cancer dissemination from the fimbriae (1, 5, 22, (61) (62) (63) (64) . The combined use of human FNE cultures and live-cell microscopybased assays that assess phenotypes associated with early stages of ovarian cancer dissemination made it possible to examine in real time and space the activity of m-p53 in the cells-of-origin of most HGS-OvCa. The data presented here are consistent with a model in which FT epithelial cells acquire transformed phenotypes through m-p53-dependent regulation of mesenchymal TFs and autocrine deposition of matrix in the absence of basement membrane attachment ( Figure 8I ).
The utilization of long-term live-cell imaging revealed that FNE cells expressing m-p53 are able to survive and form multicellular clusters in suspension, a phenotype that is predicted to be essential for transit of exfoliated FT cells through the peritoneal fluids. Our experiments also revealed that these multicellular clusters have the ability to intercalate into cultured mesothelial monolayers, which resemble the mesothelial lining of peritoneal tissues, the most common site of HGS-OvCa dissemination.
The majority of human ovarian carcinoma cells isolated from peritoneal washes exhibit a high degree of cell aggregation, and it has been postulated that their survival in the suspended environment of the peritoneal cavity depends on their ability to adhere to each other and form cell clusters (65) . In this study, we found that m-p53 promoted FNE cell-cell adhesion in suspension, but this adhesion was not required for survival of detached cells.
We previously reported that the ability of ovarian cancer cell clusters to intercalate into a mesothelial monolayer was dependent on integrin α5β1 (21) . Here, we demonstrated that the function of α5β1 was required for m-p53-dependent survival of FNE cells cultured in suspension, raising the possibility that m-p53 promotes anchorage-independent survival through the deposition of fibronectin, the ligand for α5β1. Indeed, we found that m-p53 promoted production and deposition of fibronectin in FNE cells cultured in suspension, leading to the formation of de novo matrix adhesions that contribute to anchorageindependent survival. The presence of fibronectin and activated integrin β1 in patient-derived tumor cell aggregates from ascites raises the possibility that disseminating FT secretory cells that express GOF p53 mutants are not anchorage deprived because they produce their own matrix. In addition, other studies have implicated increased matrix production in early FT cancers (66) and integrin-mediated signaling in sustaining survival of HGS-OvCa cells under detachment conditions (67, 68) . m-p53-dependent formation and maintenance of integrin adhesion under detachment conditions provides a distinctive mechanism of avoiding anoikis. This mechanism is likely to involve self-activation (through autocrine matrix deposition) of integrin α5β1 proximal signals that stimulate prosurvival and antiapoptotic pathways. It is of therapeutic interest to understand the nature of these pathways and develop specific inhibitors to target matrix dependencies in cells that have exfoliated into the peritoneal space.
Epithelial-to-mesenchymal transition (EMT) is a transcriptional program that has been reported to be associated with metastatic activity in several tumor types (69) . Increased fibronectin or TWIST1 expression is often associated with EMT (70, 71) . Studies of other cancer types have shown that single tumor cells circulating in patients' blood express a mesenchymal program characterized by induction of fibronectin and mesenchymal TF gene expression (72) (73) (74) . In addition, we previously reported that a significant portion (~50% of samples analyzed) of patient-derived HGS-OvCa cell clusters isolated from ascites express mesenchymal markers (22) , among which TWIST1 was required to support ovarian cancer intercalation into mesothelial cell layers. Consistent with these results, in this report, we found that m-p53, but not shRNAmediated knockdown of wild-type p53, induced the expression of TWIST1. Ectopic expression of TWIST1 Downloaded from http://insight.jci.org on July 7, 2016. http://dx.doi.org/10.1172/jci.insight.86829 in the background of endogenous p53 depletion promoted survival of FNE cells in suspension, indicating that both the loss of wild-type p53 function and the gain of mesenchymal transcription contribute to the transformed phenotypes induced by m-p53. While TWIST1 was induced in FNE-m-p53 R175H cells, DF30, and other mesenchymal-like tumor cell lines, it is likely that other mesenchymal TFs induced by different mutant variants of p53 are involved in regulating mesenchymal phenotypes associated with HGS-OvCa. p53 R175H has been shown to induce TWIST1 expression through BMI-1 (also known as polycomb RING finger) repression and a subsequent decrease in histone H3 methylation upstream of the TWIST1 promoter (48) , suggesting that the induction of mesenchymal transition by m-p53 involves regulation of chromatin. Studies by Zhu et al. (45) demonstrated that GOF activity of m-p53 involves its direct binding to promoters of chromatin regulatory genes and subsequent induction of methyl-and acetyltransferase expression. These studies raise the possibility that the m-p53-induced phenotypes we describe in this study may be dependent on regulation of chromatin and subsequent expression of genes that support FNE cell survival and mesothelial intercalation. It is also possible that m-p53-dependent inhibition of other p53 family members (e.g., p63) is involved in the mesenchymal transition (75) (76) (77) and integrin α5β1 dependencies (78) observed in FT cells. There is a lack of evidence for p63 expression in the FT secretory cells, and reports of p63 expression in HGS-OvCa vary significantly (79) ; thus, a careful assessment of p63 protein expression in human tumors is warranted as well as an evaluation of its involvement in mesenchymal transitions.
In this report, we provide evidence that anchorage-independent survival of HGS-OvCa cells depends on m-p53 function. Attenuation of m-p53 expression in HGS-OvCa cells promoted loss of anchorage independence, suggesting that constitutive expression of m-p53 is required for survival of cells that disseminate into the peritoneum. In addition, in short-term assays, restoration of the m-p53 conformation with ZMC1 decreased FNE cell-cell adhesion and TWIST1 expression, indicating that GOF activity of m-p53 is required to maintain the phenotypes described here. Findings from other laboratories have provided evidence that restoration of wild-type p53 function suppresses tumor growth. In a murine model, restoration of wild-type p53 expression in tumors carrying a missense TP53 mutation has been shown to halt tumor growth (80) . More recent studies by Soragni et al. (81) demonstrated that rescue of p53 tumor suppression, using a peptide that disrupts aggregation of accumulated and misfolded m-p53 molecules, induced ovarian cancer cell death. The development and evaluation of specific and nontoxic small-molecule p53 reactivators that target the m-p53 protein will be required to test whether interfering with m-p53-dependent pathways is of clinical importance. m-p53-immunopositive early lesions within fimbriae (p53 signature) are benign and nonproliferative (3, 7) . These observations suggest that additional genetic alterations are required for m-p53-positive secretory cells to acquire these properties. It is possible that changes in the microenvironment influence some of the m-p53 phenotypes observed in this report; e.g., dissociation from the tissue environment and growth in suspension could provide a more permissive environment for expression of the mesenchymal phenotype. We have observed that ~50% of ascites samples express vimentin, whereas only a small percentage of solid HGS-OvCa are vimentin positive (22) . This supports the idea that FT epithelial cells harboring GOF TP53 mutations acquire a mesenchymal phenotype during transit through the fluidic environment of the peritoneum and, following intercalation into peritoneal organs, lose this phenotype.
In summary, we have developed culture techniques and live-cell microscopy-based assays to examine the activities of m-p53 in the cell-of-origin of HGS-OvCa. Our studies have provided important insights into the molecular programs regulated by m-p53 during the early stages of HGS-OvCa progression and suggest that m-p53 provides a selective advantage by allowing FT epithelial cells to cope with the cellular stress that is associated with crossover of altered secretory cells from the FT to the mesothelium-covered ovary or other peritoneal organs during HGS-OvCa dissemination.
Methods
Cell culture. FNE cells were isolated and adopted to culture conditions as described previously (26) , and maintained in WIT-Fo Culture Media (FOMI, http://sylvester.org/shared-resources/live-tumor-culturecore/live-tumor-culture-core-products) supplemented with EGF (0.01 μg/ml; Sigma-Aldrich); insulin (20 μg/ml; Sigma-Aldrich); hydrocortisone (0.5 μg/ml); cholera toxin (25 ng/ml; Calbiochem), and 1% heatinactivated FBS (Sigma-Aldrich). Under an IRB approval and with informed consent, primary HGS-OvCa cells (DF30) were isolated as previously described (22) . All DF cells were cultured in OCMI-L media (purchased from the Live Tumor Culture Core, University of Miami) supplemented with 25 ng/ml of cholera toxin. HEK293T cells were cultured in DMEM (Gibco) containing 10% serum and 1% penicillinstreptomycin. All cells were cultured in 5% CO 2 at 37°C. Ovarian cancer cell lines were cultured in a 1:1 mixture of MCDB105 (Sigma-Aldrich) and M199 (Gibco) media supplemented with 5% FBS.
Live cell cluster disintegration assay. FNE or DF30 cells were seeded in low-adhesion 96-well round bottom plates (Corning). Cells were briefly spun at 127 g for 3 minutes. To generate cellular clusters, cells were returned to the incubator for 24 to 48 hours. Cellular clusters were then imaged for 48 hours at 20-to 30-minute intervals using a Nikon Ti-E inverted motorized widefield fluorescence microscope with integrated Perfect Focus System and (20×, 0.45 NA) magnification/NA phase/DIC optics equipped with a CO 2 -and temperature-controlled incubation chamber. The resulting movies were compressed and stitched using Quick Time Pro and Adobe After Effects software.
EtBr incorporation assay. FNE cells expressing GFP were seeded in low-adhesion 96-well round bottom plates (Corning) at a density of 100-150 cells per well. Cells were briefly spun at 127 g for 3 minutes and allowed to form cellular clusters for 24, 48, or 120 hours depending on the experiment. At the end of each time period, cellular clusters were treated with 2 μM EtBr (Molecular Probes). To follow EtBr incorporation into live structures, EtBr was included in the medium during cell seeding. Phase-contrast and/or fluorescent images of cellular clusters were acquired every 20-30 minutes using the Nikon Ti-E microscope described above and low (10×, 0.30 NA) magnification/NA phase optics, Nikon halogen trans illuminator with 0.52 NA LWD condenser, Nikon fast (<100 ms switching time) excitation and emission filter wheels, Sutter fast transmitted and epifluorescence light path Smart Shutters, Nikon linear-encoded motorized stage, Hamamatsu ORCA-AG cooled CCD camera, custom-built microscope incubation chamber with temperature and CO 2 control, Nikon NIS Elements AR software v4, and a TMC vibration-isolation table. The level of EtBr incorporation into GFP-labeled cellular structures was quantified by using 2 independent methods. One method involved subtracting channel-specific autofluorescent signal from the mean gray value pixel intensity of each channel (red and green). The resulting mean gray value pixel intensity of the red signal was divided by the mean gray value pixel intensity of the green signal for each individual cell cluster. The average value of the red-to-green ratio was obtained from examined cell clusters. Individual value ratios (red/green) were further divided by the mean of the group that showed greater EtBr incorporation. The second method of measuring EtBr incorporation into cellular clusters relied on measuring changes in the total number of pixels (red channel) present within cellular clusters over time.
Live cell-cell aggregation/spheroid formation assay. FNE cells were seeded in low-adhesion plates as described above and imaged for 24 hours at 10-to 15-minute intervals using the Nikon Ti-E microscope. To quantify percentage area reduction, the final area of cell cluster occupancy (24-hour time frame) was divided by the initial area of cell cluster occupancy (0-hour time frame). The resulting number was subtracted from 1 and multiplied by 100.
Live single-cell assay. To prepare the single-cell culture polydimethylsiloxane (PDMS) microwells, we followed a previously published protocol (82) . Briefly, Sylgard 184 silicone elastomer base and curing agent were mixed at a 10:1 ratio. The solution was degassed and poured over a micropatterned SU-8 wafer with 100-μm 2 microwells. These devices were placed in an oven at 80°C for 1.5 hours. Four-to six-millimeter-thick PDMS devices were detached from the wafer and were bonded using a plasma etcher (Harrick Plasma) to the glass bottom surface of a 12-well plate (MatTek). Cells were plated at a density of 500 cells per well onto PDMS multimicrowell culture devices, allowed to settle in the incubator for 60 minutes, and were then filmed for 72 hours in the presence or absence of 2 μM EtBr using the Nikon Ti-E microscope described above and low (20×, 0.45 NA) magnification/NA phase optics equipped with a CO 2 -and temperature-controlled incubation chamber. Only wells occupied by single cells were used for quantification.
Mesothelial clearance assay. The mesothelial cells were plated on glass-bottom dishes (Mat-TEK) coated with 5 μg/ml of fibronectin (Sigma-Aldrich) and/or collagen I (Sigma-Aldrich). Cells were maintained in culture until confluent (48 hours after plating). To generate cell clusters, FNE cells were dissociated by trypsinization, washed twice with PBS, resuspended in culture medium, and plated on poly(2-hydroxyethyl methacrylate)-coated culture dishes. Cell clusters were collected for experiments 36-48 hours later and consisted of 100 to 500 cells per cluster. In coculture experiments, cell clusters were added to a confluent mesothelial monolayer expressing red fluorescent protein (RFP), allowed to attach for 30 to 60 minutes, and imaged for 8 hours using the Nikon Ti-E microscope. Only cellular clusters that remained attached during the experiment were used for quantification. Mesothelial clearance was quantified as previously described (21) . Table 1 lists the various FNE cell lines that were generated for this study. Transfection of FN1 siRNA oligonucleotides. We used the Dharmacon protocol for transfecting siRNA oligonucleotides into FNE cells (http://dharmacon.gelifesciences.com/uploadedFiles/Resources/ basic-dharmafect-protocol.pdf). The following Dharmacon FN1 siRNAs were used: siRNA#2 (catalog J-009853-07; 5′-GAAUAGAUGCAACGAUCA-3′) and siRNA#4 (catalog J-009853-09; 5′-CCU-AAAGACUCCAUGAUCU-3′).
Generation of FNE cell lines.
Lentivirus and retrovirus production and infection of FNE cells. To generate lentiviral particles, HEK293FT cells (Invitrogen) were transduced with packaging plasmids pLP1, pLP2, and VSVG (Invitrogen), and the plasmid containing the gene of interest. Culture supernatants were collected 48 and 72 hours after transduction. FNE cells were infected and selected with appropriate antibiotics 48 hours after infection. To generate retroviral particles, HEK293FT (ATCC) cells were transduced with packaging plasmid pCL-Ampho and plasmid containing the gene of interest. Culture supernatants were collected 72 and 96 hours after transduction. FNE cells were infected and selected as described above.
ZMC1-dependent m-p53 reactivation. ZMC-1 was a generous gift from Darren Carpizo (Rutgers University, New Brunswick, New Jersey, USA). FNE-mp53 R175H or DF30 cells were seeded in 6-well plates at a density of 50,000 cells per well, allowed to grow for 24 hours, and then treated with 250 nM ZMC1 or vehicle control (DMSO) for another 24 hours. Following treatment, cells were detached and monitored in suspension for 24 to 120 additional hours in the presence of ZMC1 at the indicated concentration.
Blocking antibody experiments. The following function-blocking antibodies were used: anti-N-cadherin (Sigma-Aldrich; catalog C3865) used at 4 μg/ml; anti-MUC16 (a generous gift from David Spriggs, Memorial Sloan Kettering Cancer Center, New York, New York, USA) used at 4 μg/ml; and anti-integrin β1 (AIIB2) and anti-integrin α5 (P1D6) were purchased from the Hybridoma Bank at the University of Iowa (Iowa City, Iowa, USA) and used at 2.8 μg/ml, 1.4 μg/ml, and 0.7 μg/ml. AIIB2 and P1D6 were deposited by Caroline H. Damsky (University of California, San Francisco, California, USA) and Elizabeth Wayner (Fred Hutchinson Cancer Research Center, Seattle, Washington, USA), respectively. To perform functionblocking experiments, FNE-mp53 R175H or DF30 cells were incubated for the indicated period of time at a density of 100-150 cells per single low-adhesion well containing 150 μl of FOMI media and supplemented with various function-blocking antibodies at the indicated concentration. The cellular clusters were either filmed for the indicated period of time in the presence or absence of EtBr or stained with EtBr after filming.
Immunofluorescence. Cellular clusters were spun at 127 g for 3 minutes in 96-well glass-bottom plates coated with poly-D-lysine (Sigma-Aldrich), gently washed with PBS, and fixed in 2% paraformaldehyde for 15 minutes. Following fixation, cellular clusters were incubated for 30 minutes in antibody blocking buffer containing 20% goat serum and 5% BSA (Sigma-Aldrich), and stained overnight at 4°C with antibodies against: human fibronectin (Sigma-Aldrich; catalog F3648); human active integrin β1 (9EG7; BD Pharmingen; catalog 550531), MUC16 (generous gift from David Spriggs), and N-cadherin (Sigma-Aldrich), all diluted in blocking buffer. Cellular clusters were washed 3 times with PBS and stained with secondary antibody reagent for 60 minutes at room temperature (Molecular Probes). Cellular clusters were washed 3 times with PBS, leaving 150 μl of PBS in each well. Antigen-antibody complexes were detected using a Nikon A1 confocal microscope.
Protein precipitation from serum-free culture media. Cells were cultured in serum-free media for 24 hours, at which point the media were collected and the cells processed for total loading-controlled (actin) Western blot analysis (see below). Proteins were precipitated from the media by adding ¼ volume of ice-cold trichloroacetic acid and incubated on ice for 25 minutes. Samples were spun at 18,000 g for 20 minutes. Protein pellets were washed twice with ice-cold acetone and spun at 18,000 g for 5 minutes after each wash. Pellets were air-dried and resuspended in SDS sample buffer.
Western blot analysis (full, uncut gel(s) available in Supplemental Figure 7 ). Cells were lysed in RIPA buffer (50 mM HEPES pH 7.4, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 0.1 M NaCl, 1 mM sodium orthovanadate, 0.1 M sodium pyrophosphate, 100 mM NaF, 1 mM PMSF, and 1 μM MG-132 [Selleck Chemicals; catalog S.2619]). Lysates were clarified by centrifugation at 13,000 g for 10 minutes at 4°C, protein concentration was quantified using the BCA assay (Pierce), and absorbance was read on an Epoch Micro-Volume Spectrophotometer System (BioTEK). Lysates were boiled in sample buffer (0.04 M Tris-HCl pH 6.8, 1% SDS, 1% β-mercaptoethanol, and 10% glycerol) for 10 minutes and resolved by SDS-PAGE. Proteins were transferred to Immobilon membranes (Whatman) and blocked with 5% BSA in PBS (140 mM NaCl, 0.27 mM KCl, 0.43 mM Na 2 HPO 4 , 0.14 mM KH 2 PO 4 , pH 7.3) for 30 minutes at room temperature. Membranes
